Assembly and deconstruction: The automated glycan assembly of mixed-linkage glucan oligosaccharides as biochemical tools for analyzing the substrate specificities of lichenase and other mixed-linkage β-glucanases is reported (see scheme).
Introduction

Mixed-linkage glucan (MLG)
is a hemicellulosic polysaccharide from the cell wall of grasses and cereals. [1] As an important component of dietary fiber, MLG exhibits beneficial effects on human health, including reduction of colorectal cancer risk, [2] lowering of blood cholesterol, and regulation of blood glucose levels for diabetes management. [3] MLGs are considered as attractive additives for the manufacturing of lowfat food. [4] The structure of MLG is represented by an unbranched glucan chain composed of short stretches of -1,4-linked oligosaccharides connected through -1,3-linkages.
[5] These cello-oligosaccharide sequences typically consist of three to five residues, but also shorter and longer stretches may be found. [6] The 1,3-linkages in the 1,4-linked glucan chain form molecular kinks that prevent an intermolecular alignment into microfibrils as observed in the case of cellulose. Instead, the limited intermolecular interactions result in the formation of a gel-like material which not only provides the cell wall with strength, but also flexibility and other important characteristics of cellular function. [7] Besides holding enormous potential as biocatalysts for the brewery and animal feed industries to produce high quality brews and better digestible feed, [8] MLG-degrading enzymes are essential tools for the structural characterization of MLGs. [9] The MLG-specific hydrolase lichenase cleaves every 1,4-linkage following a 1,3-linkage in a mixed-linkage glucan backbone ( Figure 1 ). [10] The resulting oligosaccharide fragments are usually represented as MLGX, with X describing the number of glucose units contained. Recently, the inevitability of the described lichenase specificity was questioned when an intact hexasaccharide composed of a MLG2 and a MLG4 fragment was obtained after digestion of MLG with lichenase. [6] This discovery has obvious implications on the reported structure of MLGs, as their subunit distribution is mostly derived from the analysis of lichenase digestion products. Synthetic MLG-oligosaccharides of varying connectivity would permit a simple LC-MS analysis of their digestion products after hydrolysis, providing a toolkit for the determination of the substrate specificities of lichanase and other MLG endoglucanases. Automated glycan assembly [11] provides a powerful platform for the synthesis of such collections of structurally related glycans. [12] We report here the automated synthesis of seven MLG oligosaccharides and their application in the characterization of the active site of lichenase.
was observed after incubating compound 7 with lichenase for 24 hours (Figure 4a ). In contrast, compound 8 having a -1,3-linked glucose residue in the -3 subsite was slowly hydrolyzed, demonstrating positive interactions of the glucose residue with the enzyme. When the -3 subsite was occupied with a -1,4-linked glucose residue such as in compound 9, hydrolysis was complete within 30 minutes. Thus, occupation and correct linkage-type of the -3 subsite is key for efficient digestion ( Figure  4b ), confirming the observation that no MLG2 fragments are released from the non-reducing end of MLG oligo-and polysaccharides. 
Conclusions
Two differentially protected glucose BBs suffice for the automated glycan assembly of a set of tailor-made natural and unnatural MLG oligosaccharides. These synthetic oligosaccharides were key to determining the substrate specificity of the MLG-degrading enzyme lichenase. Incubation of the glycans with lichenase resulted in digestion products that were analyzed by HPLC-MS. Simple end-point measurements confirmed recent reconsiderations [6] concerning the substrate specificity of lichenase. As a consequence, structural analyses of MLG polysaccharides have to be reconsidered. The fact that lichenase does not release disaccharides from the non-reducing end of MLG oligo-and polysaccharides, highlights the importance of the -3 subsite relative to the site of hydrolysis for substrate recognition. Further information on the binding requirements in the -3 subsite were obtained by comparing the hydrolysis rates of three MLG oligosaccharides having either no, a -1,3-linked, or a -1,4-linked glucose residue in the -3 subsite in a time-course experiment. The MLG oligosaccharides we describe provide a convenient means for determining the substrate specificities of newly discovered mixed-linkage -glucanases. [15] Experimental Section
Synthesizer modules and conditions
The linker-functionalized resin 3 (16.6-17.9 μmol of hydroxyl groups) was placed in the reaction vessel of the automated oligosaccharide synthesizer and swollen for at least 30 min in DCM. Before every synthesis the resin was washed with DMF, THF and DCM. Subsequently the glycosylation (Module A) and deprotection (Module B) steps were performed. Mixing of the components was accomplished by bubbling Argon through the reaction mixture.
Module A: Glycosylation with glycosyl phosphates
The resin (16.6-17.9 μmol of hydroxyl groups) was swollen in DCM (2 mL) and the temperature of the reaction vessel was adjusted to -30 °C.
Prior to the glycosylation reaction the resin was washed with TMSOTf in DCM and then DCM only. For the glycosylation reaction the DCM was drained and a solution of phosphate BB (3.7 equiv in 1 mL DCM) was delivered to the reaction vessel. After the set temperature was reached, the reaction was started by the addition of TMSOTf in DCM (3.7 equiv in 1 mL DCM). The glycosylation was performed for 5 min at -30 °C and then at -15 °C for 30 minutes. Subsequently the solution was drained and the resin was washed three times with DCM. The whole procedure was performed once or twice. Afterwards the resin was washed three times with DCM at 25 °C.
Module B: Fmoc deprotection.
The resin was washed with DMF, swollen in 2 mL DMF and the temperature of the reaction vessel was adjusted to 25 °C. Prior to the deprotection step the DMF was drained and the resin was washed with DMF three times. For Fmoc deprotection 2 mL of a solution of 20% Et3N in DMF was delivered to the reaction vessel. After 5 min the solution was drained and the whole procedure was repeated another two times. After Fmoc deprotection was complete the resin was washed with DMF, THF and DCM.
Cleavage from the solid support After assembly of the oligosaccharides cleavage from the solid support was accomplished by modification of a previously published protocol, [14] using the Vapourtec E-Series UV-150 photoreactor Flow Chemistry System. The medium pressure metal halide lamp is filtered using the commercially available red filter. The resin, suspended in DCM, was loaded into a plastic syringe. The suspension was then pumped using a syringe pump (PHD2000, Harvard Aparatus) at 1 mL/min through a 10 mL reactor, constructed of 1/8 inch o.d. FEP tubing. The total volume within the photoreactor was 9 mL. The temperature of the photoreactor was maintained at 20 °C and the lamp power was 80%. The exiting flow was deposited in a 10 mL syringe containing a filter, with a collection flask beneath the syringe.
Global deprotection
The protected oligosaccharide was dissolved in THF (3 mL) and NaOMe (0.5 M in MeOH, 0.5 mL or 1 mL) was added. The reaction mixture was stirred overnight and subsequently neutralized by addition of prewashed Amberlite IR-120 resin. The resin was filtered off and the solvents were removed in vacuo. The crude product was purified by preparative HPLC, dissolved in a mixture of EtOAc/MeOH/AcOH/H2O (4:2:2:1, 3 mL), and the resulting solution was added to a round-bottom flask containing Pd/C (10% Pd, 10-20 mg). The suspension was saturated with H2 for 30 min and stirred under an H2-atmosphere overnight. After filtration of the reaction mixture through a syringe filter the solvents were evaporated to provide the fully deprotected oligosaccharide.
The synthesizer modules were applied as follows: A(1, 1 cycle)-B-A(2, 2 cycles)-B-A(1, 1 cycle). The resulting trisaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semi-protected trisaccharide was purified using reversed phase HPLC (C5 column) and subjected to hydrogenolysis, providing 5 (1.3 mg) in 13% yield based on resin loading. 
Aminopentyl -D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→3)--D-
glucopyranosyl-(1→4)-D-glucopyranose (6)
The synthesizer modules were applied as follows: A(1, 1 cycle)-B-A(2, 1 cycle)-B-A(1, 2 cycles)-B-A(1, 1 cycle). The resulting tetrasaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semi-protected tetrasaccharide was purified using normal phase HPLC (YMC Diol column) and subjected to hydrogenolysis, providing 6 (3.4 mg) in 26% yield based on resin loading. 
Aminopentyl -D-glucopyranosyl-(1→3)--D-glucopyranosyl-(1→4)--D-
glucopyranosyl-(1→4)--D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→3)--D-glucopyranoside (7)
The synthesizer modules were applied as follows:
The resulting hexasaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semiprotected hexasaccharide was purified using normal phase HPLC (YMC Diol column) and purified again after hydrogenolysis using reversed phase HPLC (Hypercarb column), providing 7 (2.1 mg) in 12% yield based on resin loading. 
Aminopentyl -D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→3)--D-
glucopyranosyl-(1→3)--D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→4)--D-glucopyranoside (8)
The synthesizer modules were applied as follows: A (1, 1 cycle) The resulting hexasaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semiprotected hexasaccharide was purified using normal phase HPLC (YMC Diol column) and subjected to hydrogenolysis, providing 8 (2.2 mg) in 12% yield based on resin loading. 
glucopyranosyl-(1→4)--D-glucopyranosyl-(1→3)--D-glucopyranosyl-(1→4)--D-glucopyranoside (9)
The resulting hexasaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semiprotected hexasaccharide was purified using normal phase HPLC (YMC Diol column) and subjected to hydrogenolysis, providing 9 (6.5 mg) in 34% yield based on resin loading. 
glucopyranosyl-(1→3)--D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→3)--D-glucopyranoside (10)
The synthesizer modules were applied as follows: A ( The resulting hexasaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semiprotected hexasaccharide was purified using normal phase HPLC (YMC Diol column) and subjected to hydrogenolysis, providing 10 (3.5 mg) in 18% yield based on resin loading. 
glucopyranosyl-(1→3)--D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→4)--D-glucopyranosyl-(1→3)--Dglucopyranoside (11)
The synthesizer modules were applied as follows: A (2, 1 2 cycles) -B. The resulting octasaccharide was purified using normal phase HPLC (YMC Diol column). After methanolysis of the benzoyl esters the semi-protected hexasaccharide was purified using normal phase HPLC (YMC Diol column) and subjected to hydrogenolysis, providing 11 (5.6 mg) in 23% yield based on resin loading. 
Analysis of glycosyl hydrolase substrate specificities
Lichenase (endo-1,3:1,4-β-D-Glucanase) from Bacillus subtilis (GH16) was purchased from Megazyme (Bray, Ireland) and used in the following buffer that was suggested by the manufacturer: 100 mM NaPO4, pH 6.5. The enzyme was used at a concentration of 1 U/ml for the end-point measurements and at 0.33 U/ml for the timecourse experiments. The oligosaccharides were used at a concentration of 1 mM. All reactions were carried out at 40°C and terminated by incubation at 80°C for 5 min. The reactions were analyzed on an Agilent 1200 Series HPLC equipped with an Agilent 6130 quadrupole mass spectrometer (MS) and an Agilent 1200 Evaporative Light Scattering Detector (ELSD). For the end point experiment the oligosaccharides were separated on a Hypercarb column (150 x 4.6 mm, Thermo Scientific) using a water (including 0.1% formic acid)-acetonitrile (ACN) gradient at a flow-rate of 0.7 ml/min starting at 2.5% ACN for 5 min, ramping up to 15% ACN at 8 min, followed by a slow increase of ACN to 30% at 40 min, a steep ramp to 100% ACN at 43.5 min, a decline back to 2.5% ACN from 46 min to 47min, and equilibration until 55 min at 2.5% ACN. For the time-course experiment the oligosaccharides were separated on a Synergi column (150 x 4.6 mm, Phenomenex) using a water (including 0.1% formic acid)-acetonitrile (ACN) gradient at a flowrate of 1.0 ml/min starting at 0% ACN for 5 min, ramping up to 20% ACN at 20 min, a steep ramp to 100% ACN at 25 min, flush of the column with 100% ACN for 5 min, a decline back to 0% ACN from 30 min to 35min, and equilibration until 45 min at 0% ACN. The peaks in the ELSD traces were assigned based on their retention time and the corresponding masses in the MS.
